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Introduction
We use a 2D model to simulate a cirrus cloud in the tropical tropopause layer (TTL cirrus) forced by
a large-scale equatorial Kelvin wave. The goal is to understand how the mesoscale circulation
induced by the radiative heating in these clouds affects the transport of water vapor in the TTL.
TTL cirrus simulations
I Initial conditions: A moist patch between x = 2700 and 3300 km and z = 16.8 and 17.3 km (just
below the cold point tropopause) is prescribed initially. The moist patch is initially subject to positive
temperature perturbations of the large-scale wave.
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Figure: The supersaturation ratio at t = 0 in the simulation. The black and white contours respectively show negative
and positive large-scale wave temperature perturbations (K).
I Cloud formation: As the large-scale wave propagates eastward, negative temperature perturbations
arrive at the initially moist region at t ≈ 2 d. As the relative humidity increases due to wave
perturbations, an isolated cloud is formed in the moist patch.
I Radiative heating and induced mesoscale circulation: After an ice cloud is formed, absorption of
radiation by ice crystals results in radiative heating in the cloud. The radiative heating induces a
mesoscale circulation that includes rising motions in the cloud and horizontal inflow and outflow
respectively in the lower and upper halves of the cloud layer.
Figure: Radiative heating, and induced vertical and horizontal motions at t = 3.5 d. The black outline in each panel
marks the radiative heating rate contour of 0.01 K d−1. Vectors show the radiatively induced velocities.
Transport of water vapor
At the end of the simulation (t = 12 d), the change in water vapor due to advection by the wave
velocities is negligible, because this time is a multiple of the wave period (6 d).
The profile of the water vapor mixing ratio (qv) at the end time is stretched out at the top due to
advection by the radiatively induced horizontal velocities.
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Figure: The initial and final water vapor mixing ratios.
I When the radiative heating and induced
mesoscale dynamics are present, water vapor
is transported upward due to advection of qv
by the radiatively induced vertical velocities.
I In a hypothetical test case in which the
radiative heating is turned off, water vapor is
transported downward. This confirms that
microphysical processes alone, i.e. ice
nucleation followed by sedimentation, lead to
downward transport of water vapor.
I Under the specific conditions here, upward
transport induced by the radiative heating
exceeds downward transport by microphysical
processes. The net result is upward transport
of water vapor.
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Figure: Horizontal averages of the initial and final water
vapor mixing ratios.
Sensitivity on surrounding humidity
Initial conditions: Within the isolated moist patch qv = 2.6× 10−6 kg kg−1, which is the same in the
dry and moist cases. Outside the moist patch qv = 1.4× 10−6 and 2.1× 10−6 kg kg−1 respectively
in the dry and moist cases. These values correspond to supersaturation ratios of Si = −0.2 and 0.2
with respect to the base state.
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Figure: Water vapor mixing ratio at t = 3.5 d. The black outline in each panel marks the radiative heating rate contour of
0.01 K d−1. Vectors show the radiatively induced velocities.
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Figure: Horizontal averages of the initial and final water vapor mixing ratios.
Dry case:
I Horizontal inflow of dry air into cloud; dry air
becomes hydrated.
I Upward advection of cloudy air, which contains
more water vapor than the environment, leads
to upward transport of vapor.
I The mesoscale circulation transports water
vapor upward, counteracting and exceeding
downward transport due to microphysical
processes.
Moist case:
I Horizontal inflow of moist air into cloud; moist
air becomes dehydrated.
I Upward advection of cloudy air, which contains
less water vapor than the environment, leads
to downward transport of vapor.
I The mesoscale circulation transports water
vapor downward, which is in the same
direction as microphysical processes.
Summary
Table: Direction of water vapor transport by TTL cirrus processes
Process Dry environment Moist environment
microphysics initiated and
forced by large-scale wave down
mesoscale horizontal advection inflow of environmental air
mesoscale vertical advection upward advection of cloudy air
mesoscale circulation hydration dehydration
up down
all up down
Table: Progress in understanding water vapor transport in the TTL
Process Issues
large-scale
dehydration during ascent in Brewer-
Dobson circulation [1]
observed stratosphere drier than
mean tropopause saturation
dehydration by horizontal advection
through cold region [2] and cold phase of
Kelvin waves [3]
observed stratosphere moister
than models [4, 5]
mesoscale radiatively induced upward [6] or downwardtransport
observations of water vapor nec-
essary
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